As species shift their ranges and phenology to cope with climate change, many are left without a ready supply of their preferred food source during critical life stages. Food shortages are often assumed to be driven by reduced total food abundance, but here we propose that climate change may cause short-term food shortages for foraging specialists without affecting overall food availability. We frame this hypothesis around the special case of birds that forage on flying insects for whom effects mediated by their shared food resource have been proposed to cause avian aerial insectivores' decline worldwide. Flying insects are inactive during cold, wet or windy conditions, effectively reducing food availability to zero even if insect abundance remains otherwise unchanged. Using long-term monitoring data from a declining population of tree swallows (Tachycineta bicolor), we show that nestlings' body mass declined substantially from 1977 to 2017. In 2017, nestlings had lower body mass if it rained during the preceding 3 days, though females increased provisioning rates, potentially in an attempt to compensate. Adult body mass, particularly that of the males, has also declined over the long-term study. Mean rainfall during the nestling period has increased by 9.3 + 0.3 mm decade
Introduction
As local weather patterns shift in response to climate change, many species are declining because of decreased food abundance [1] . Commonly, climate change reduces food abundance by creating mismatches between offspring demand and the timing of food abundance peaks, as species at differing trophic levels shift their phenology to different degrees [2] . Such mismatches have been linked to population declines in a number of species [1] . Further, spatial mismatches can be as important as temporal ones [1] . As ranges shift in response to climate change and populations go locally extinct, species at higher trophic levels may face food shortages, particularly in the case of specialists [3] . Although less common in the literature, local extinction of prey species has been documented to lead to their predators' extinction [4] .
Avian aerial insectivores, a taxonomically diverse guild of birds that forage for flying insects, may also experience food shortages owing to climate change. These birds are declining worldwide [5] [6] [7] [8] , with particularly strong declines in northeastern North America [5, 6] . Although the causes of decline are as yet unknown, insect shortages are a commonly cited hypothesis [9] [10] [11] ; however, mean insect abundance during nestling development is not predictive of & 2019 The Author(s) Published by the Royal Society. All rights reserved.
nestling body mass or survival in cliff, barn or tree swallows [12] . Instead, we suggest short-term shortages of insect prey may be more important. As the climate changes, northeastern North America is experiencing increased precipitation and more variable weather, with both more warm and cold spring days [13] . When local weather conditions are wetter, colder or windier, aerial insects decrease activity [9, [14] [15] [16] , potentially subjecting avian aerial insectivores, and other species that rely on flying insects, to short-term but drastic reductions in food availability, even though overall food abundance is unaffected. The relative importance of shortterm reductions in food availability driven by inclement weather for population dynamics could be dependent on its coincidence with periods of high demand for food by dependent offspring.
When weather conditions are poor, parents may be able to compensate for low food availability by increasing their foraging effort, perhaps at the cost of self-maintenance. Although the effects of weather-related food shortages on parental condition are unknown, the avian parental effort has been experimentally altered. In response to these manipulations, parents of many species increase offspring provisioning rates at the expense of their own body condition [17 -19] , which could explain declining adult body mass in tree swallows [20] . However, other studies have found that parents do not increase effort to compensate for food shortages to the nestlings, suggesting that parents already provision at maximal levels for their local conditions [21] [22] [23] .
General declines in aerial insect populations may also be contributing to population declines in aerial insectivores. Although long-term records are uncommon, those available show that overall insect abundance may be declining substantially, even as some generalist taxa increase [24] [25] [26] [27] [28] [29] . Widespread insect declines may be linked to agricultural intensification and our increasing reliance on pesticides and monocropping ( [30] but see [29] ). Intensive agriculture has been linked to declines in farmland birds, including aerial insectivores [31 -33] . If widespread insect population declines contributed to avian population declines, then we would expect adults to begin breeding at lower body mass and lose more mass throughout the season and nestlings to grow more slowly. If declining insect abundance alone caused the declines, we would not expect these changes to be linked to short-term weather patterns.
Whether short or long-term, food shortages could contribute to aerial insectivore decline by reducing offspring growth. With less food available, we would expect young to grow more slowly and have higher mortality on cool, wet days. For tree swallows (Tachycineta bicolor), a common avian aerial insectivore, nestlings are more likely to die when the daily maximum temperature does not exceed 18.58C, a critical threshold for flying insects [9] . However, the relative importance of temperature, wind speed and precipitation for nestling growth and survival is still unknown [9] . In many species, poor nestling growth is linked to lower fledging success and survival post-fledging [34, 35] , when most juvenile mortality occurs [36] . Thus, food shortages have the potential to cause population declines by reducing fledging success and juvenile survival [37] .
Here, we use a combination of long-term monitoring data from a box-nesting population of tree swallows and short-term intensive monitoring (2017) to determine how shifting local weather conditions affect tree swallow body mass. Using the long-term record, we first determined if nestling body mass had declined, indicating reduced growth rates and poor parental provisioning. We also assessed whether adults lost more body mass during the breeding season in recent years as compared to earlier years in the long-term record, indicating that parents increased foraging effort to provision offspring and/or that food availability had declined to the point where adults were unable to forage enough to meet their own needs. We assessed the relative ability of temperature, wind and rain to predict nestling growth and parental effort during the 2017 breeding season and determined if weather parameters that predicted nestling growth or parental effort had changed across time.
Material and methods (a) Long-term monitoring field methods
We monitored a box-nesting population of tree swallows at the Queen's University Biological Station in southeastern Ontario, Canada (44. 5218 N, 76.3858 W) regularly during the annual breeding season (May to July) from 1975 to 2017. Nest-boxes in this population are arranged in grids to mimic the natural distribution of cavities [38] . From 1983 to 2017, we captured adults during breeding. Adults were sexed based on the presence of a brood patch (female) or cloacal protuberance (male). In most years, we also measured adult body mass and wing chord. From 1977 to 2017, nestlings were ringed at 10 -16 days old, at which time their body mass and wing chord were also measured. Across the dataset used in this study, we measured 1437 females, 585 males and 10 232 nestlings.
(b) Field methods monitoring nestling development in 2017
We expected that slowed nestling growth and changing patterns of adult body mass evident in the long-term data might be explained by changing local weather patterns. To elucidate associations between nestling growth and daily weather conditions, we closely tracked the growth of 445 nestlings from 91 nests from 25 April to 25 July 2017. We measured nestling body mass every other day from 2 to 12 days old (i.e. at days 2, 4, 6, 8, 10 and 12, n ¼ 1723). We did not measure nestlings on days when it was raining so heavily that we would be unable to keep them dry, resulting in some gaps in the measurement records. At 12 days old, we fitted nestlings with a numbered aluminium Canadian Wildlife Service ring. We caught adults between day 10 and 12 of incubation using a combination of mist netting (males and females) and hand trapping techniques (females). At this time, we fitted each female with a passive integrated transponder (PIT) tag embedded in a leg band. On day 10 of nestling development, we used radiofrequency identification (RFID) at the entrance to the nest-box to determine parental provisioning rates using the set-up developed in [39] . Provisioning rates (i.e. numbers of visits by the parent to the nest-box) accurately reflect the amount of food nestlings received because tree swallows bring similar amounts of insects each trip [40] . We were unable to deploy RFID readers on rainy days. We were able to measure provisioning rates for 55 females.
We compiled wind speed data from weather stations at the Queen's University Biological Station and all other weather data from Environment Canada's Hartington Court weather station (approx. 30 km from the site) [41] . Variables included royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20190018 maximum daily temperature, daily rainfall and mean wind speed during hours of active foraging (5.30 -20.00).
(c) Analysis of long-term trends in body size
To determine whether nestling body mass declined over the longterm record, we used linear mixed models (LMMs). We tested whether body mass varied with the fixed effects of nestling age at the time of measurement, year and their interaction for 10-to 16-day-old nestlings. The response variable in these analyses was body mass of individual nestlings measured only at one time point, so we inferred growth rate from the relationship between nestling body mass and age. If this relationship had changed over time, that would indicate changes in growth rate. Nestling growth rates may have declined over time if food has become more limited. We included a random intercept for nest identity (ID) to account for similar growth trajectories of nest-mates. To determine if nestling body size had changed, we repeated this analysis using the nestling wing chord as the response variable.
Adult body mass might also be affected if food abundance during the breeding season had declined. We expected adult body mass to decline as offspring developed because both parents expend energy to care for their offspring. Therefore, we determined if adult body mass had changed from 1983 to 2017 using LMMs with body mass as the response variable and number of days since the first egg was laid, year and their interaction as fixed effects. Because males and females have different roles (females incubate the eggs and provision nestlings; males only provision nestlings and do so to a lesser degree than females [42] ) and because males were typically caught only after nestlings hatched compared to females which were also caught during incubation, we conducted separate analyses for the two sexes. Body mass might not decline linearly during breeding, so we tested for first through to third-order polynomial relationships between adult mass and days since the first egg was laid. Some birds were measured more than once, either within a year or in multiple years, so we included a random intercept for bird ID. To determine if overall body size had changed through time, we conducted similar LMM with wing chord as the response variable and year as the predictor, conducting separate LMMs for each sex. As moulting occurs immediately after the breeding season, wing chord should be static throughout our measurement period, so we did not include days since the onset of egg laying in these models.
(d) Analysis of the effects of local weather conditions in 2017
To determine nestling growth trajectories in 2017, we conducted a linear model with nestling body mass as the response variable and age as the predictor. As growth is often not linear, we assessed the fit of first through to third-order polynomials and logistic regression, settling on a third-order polynomial as the best fit based on Akaike information criterion corrected for small sample size (AICc) score. Younger nestlings had less variation in mass than older nestlings (electronic supplementary material, figure S1 ), so we used the 'varFixed' function in the nlme package to allow variation in mass to increase with age [43, 44] . Residual body mass from this model reflects whether individual nestlings were heavy or light for their age.
To assess relations between weather and nestling growth in 2017, we conducted three LMMs from the lme4 package [45] with residual mass as the response variable and thermoregulatory strategy (poikilotherm, intermediate, homeotherm), one of three weather variables and their interaction as predictors. Thermoregulatory strategy accounts for age-dependent differences in nestlings' response to cold temperatures and starvation. From 0 to 6 days nestlings are poikilothermic, unable to thermoregulate, and can enter torpor in cold weather; 7-8-day-old nestlings are intermediate, just beginning to develop homeothermy, while 9þ-day-old nestlings are fully homeothermic, requiring a constant food source for thermoregulation [46, 47] . Whether nestlings are able to enter torpor in response to starvation and cold (poikilotherm) or require constant food sources to fuel metabolism (homeotherm) may influence nestlings' response to weather conditions. We considered total rainfall, mean windspeed and mean maximum daily temperature during the 3 days prior to the day we measured the nestlings because tree swallow nestling development suffers most when inclement weather lasts for three or more days [48] . To distinguish between body mass changes within and between nestlings, we mean centred residual body mass for each nesting, following [49] , and tested for nested random intercepts for nestling ID within nest ID. We then ranked the three top models by AICc and adjusted R 2 to determine which weather variable best predicted residual nestling body mass.
To assess the relationship between local weather conditions and female provisioning behaviour, we calculated hourly provisioning rates for PIT-tagged females in 2017 based on 2 h of RFID readings at the nest, following [39] . We conducted separate linear regressions to assess the effects of local weather conditions on provisioning rate, accounting for brood size. We expected females to provision less often when they had fewer offspring demanding food. For weather variables, we considered maximum temperature and mean windspeed on the day of provisioning measurements, and whether or not it had rained in the 3 days prior (as it never rained during our recordings).
(e) Analysis of long-term weather patterns
Because we found that rainfall in the 3 days prior was most predictive of nestling body mass in 2017, we calculated the total rainfall from hatching to fledging for each nest across the longterm dataset. Then, we calculated annual mean rainfall experienced by developing nestlings from 1975 to 2017 and used a linear regression to assess whether this value had changed over time, including a comparison of models with first through to third-order polynomial relationships.
All analyses were conducted in R, version 3.4.3 (30 November 2017) [50] . Assumptions of normality were verified via histograms, quartile-quartile plots and the Shapiro-Wilks tests. The fit of the global model was verified by plotting residuals against all predictors and response variables, verifying for homoskedasticity and the absence of trends, indicating a well-fitting model. We retained all significant variables (as calculated using the lmerTest package for models with random effects [51] ). We retained random effects when the variance explained was greater than the standard deviation. We assessed the need for inclusion of first-, second-and third-order polynomials by comparing AICc scores.
Results (a) Long-term trends in body size
Nestling body mass has changed over the long-term study period (figure 1). Nestlings are not gaining body mass as much as they used to (age Â year, F 1,3466.2 ¼ 26.6, p , 0.001, n ¼ 10 232). In 1977, when we first began measuring nestlings, we inferred from body mass records that 10-day-old to 16-day-old nestlings were growing at a rate of 0. royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20190018
It is not just nestlings that are losing body mass. Adult females have always lost body mass throughout the breeding season as they incubate and provision their nestlings. However, in recent years, adult females began breeding at lower body mass and spent more time during incubation recouping body mass before losing body mass again during nestling provisioning, as compared to females earlier in the longterm study (figure 2a; (no. days since first egg) 2 Â year, F 2,2885.2 ¼ 31.0, p , 0.001, n ¼ 3176). Males were typically not caught prior to incubation so we focused on changes in body mass after hatching, while males were provisioning. Males lost more body mass during nestling provisioning than in the past (figure 2b; no. days since first egg Â year, 
(c) Long-term weather patterns
Since 1975, the mean rainfall during nestling development, which was associated both with lower nestling body mass 
Discussion
Climate change has been documented to affect resource availability in numerous systems [1, 2, [52] [53] [54] . Here, we point towards a relatively overlooked alternative mechanism: short-term food shortages caused by climate change's effects on local weather. After periods of rainy weather, when insects are less active [14 -16] , tree swallow nestlings are more likely to be light for their age ( figure 3) . Cool temperatures may exacerbate the negative effects of rainfall, through an effect on insect availability and/or nestling metabolic demands. We found that rainfall during nestling development has increased at this study site over the past four decades, following climate change projections for the area [13] . Correspondingly, tree swallow nestlings have become lighter. Therefore, we suggest that nestlings are experiencing a lack of food, not necessarily because of low insect abundance, but rather because increasingly rainy weather causes short-term insect shortages. Declining nestling mass is likely to have an important effect on population dynamics. Larger nestlings are more likely to survive to fledging than smaller nestlings in tree swallows [42] and other bird species [55] [56] [57] . Across several species, nestlings that fledge with greater body mass better survive the post-fledging period, probably by relying on their larger energy reserves to help them survive periods of low foraging success [35, 58] . For this population, during cold snaps and heavy, sustained rainfall, nestling mortality is high but heavier nestlings are slightly more likely to survive [59] . Such selection for heavier nestlings may cause us to underestimate weather conditions' effects on nestling growth and subsequent consequences for fledging success and juvenile survival. Fledging success and juvenile survival strongly influence population dynamics [37] and have declined over time [60] , so declining nestling body mass probably contributes to overall declines in this tree swallow population. From 1983 to 2017, parental self-maintenance suffered (figure 2). Females are beginning incubation with progressively lower body mass and spending the incubation period foraging to improve their body condition. By the time the brood hatches, females have regained body condition to pre-decline levels and then lose mass throughout nestling development, similarly across the study period. This finding was somewhat surprising, because we found that females increase nestling provisioning and effort following rain events, something that is happening more frequently in recent years. By contrast, males have lost an increasing amount of body mass while provisioning nestlings. Males may be finding it difficult to feed themselves and their offspring adequately during wet weather or feeling the effects of more widespread insect population declines [14, [24] [25] [26] 61 ].
We present evidence that climate change may affect tree swallow food availability through short-term insect shortages. Although overall declining insect abundance may also be a factor [24] [25] [26] [27] [28] , we suspect that weather-induced food shortages may be more important. Tree swallows and other avian aerial insectivores show the most notable declines in northeastern North America ( [5, 7, 62 ] but see [6] ), where climate change is causing increasingly rainy spring weather [13] . By contrast, the most intensive agriculture in North America occurs in the midwest, a region where most avian aerial insectivores are not declining [5] [6] [7] 63] . Additionally, insect availability does not consistently predict breeding success or body mass [12] . If agriculture was responsible for the decline, one might expect the fastest aerial insectivore declines to occur in regions with the most intensive agriculture.
Tree swallows and aerial insectivores are far from the only species for whom climate change may be reducing food availability [1, 2, [52] [53] [54] . From the charismatic polar bear, reduced to hunting for bird eggs rather than seals when the sea ice melts early [54] , to the minuscule water flea (Daphnia), whose abundances no longer peak in synchrony with their algal food sources [62] , species of all trophic levels and ecosystems are experiencing the effects of climate change through food insecurity. Sometimes, food insecurity is caused by declining populations or altered accessibility of prey items, as in the case of the polar bear, where melting sea ice has both prevented the seal population from reproducing successfully [64] and hindered bears' ability to hunt [54] . Sometimes, as in the case of Daphnia [62] and several other taxa [53, [65] [66] [67] , food insecurity is owing to mismatches in phenology, where all species in the food web are still present, but the timing of peak demand by consumers no longer matches the timing of peak abundance of prey. Like these many other species, avian aerial insectivores seem to be experiencing food insecurity. For any species that are foraging specialists relying on flying insects, variable weather will generate periods when prey are inaccessible, with increasingly variable weather conditions probably increasing short-term food insecurity. The importance of weather variability on food security is well known in agriculture and royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20190018 of great concern to humanitarians working to feed the growing human population (reviewed in [68] ), but much work remains to fully understand the effects of weather variability on food security in the ecological context of population dynamics. Therefore, we suggest that consideration of food availability, as distinct from food abundance, may be important for predicting long-term effects of climate change.
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